Pheromone signals regulate conspecific behavior and physiology [1] . Releaser pheromones induce specific behavior by exerting acute effects on the neuronal response, whereas primer pheromones induce physiological changes with long-lasting effects by changing the neuroendocrine status of the recipients. In mammals, although several types of releaser pheromones have been identified [2] [3] [4] [5] , the identities of primer pheromones, as well as their mechanisms of action, remain largely unknown [6] . In sheep and goats, the seasonally anestrous endocrine state of females is changed to the estrous state upon exposure to male scents [7, 8] . This so-called ''male effect'' is one of the most conspicuous primer pheromone effects in mammals [9, 10] . In this study, we have identified an olfactory signal molecule that activates the central regulator of reproduction, the gonadotropinreleasing hormone (GnRH) pulse generator, in goats. Using gas chromatography-mass spectrometry to analyze male goat headspace volatiles, we identified several ethylbranched aldehydes and ketones. We electrophysiologically demonstrated that one of these compounds, 4-ethyloctanal, activates the GnRH pulse generator in female goats. This is the first report of an olfactory molecule that has been shown to activate the central reproductive axis, and this discovery will provide a new direction for primer pheromone research.
Results

Gas Chromatography-Mass Spectrometry Analysis of Male Goat Headspace Volatiles
In goats, male hair, but not urine, shows male effect pheromone activity, and organic solvent extracts of male goat hair retain this activity [11] . When fatty acids are separated from the extract using an aqueous base, both the acidic and neutral fractions retain the pheromone activity [11] . The carboxylic acids derived from male goats have been well studied in the past; the characteristic ''goaty odor'' is attributed predominantly to these carboxylic acids [12, 13] . However, no molecule has ever been reported to have primer pheromone activity. Here, we decided to focus our analysis on the components in the neutral fraction, which remain largely unexplored.
Since we found that the male goat pheromone is primarily synthesized in the head skin of male goats in an androgendependent manner [14] , we directly acquired volatiles released from the heads of male goats using a custom-made head cap containing a gas adsorbent. After collecting volatiles for one week, we analyzed the adsorbed compounds by gas chromatography-mass spectrometry (GC-MS) using a polar column. For comparison, we similarly processed headspace volatiles obtained from castrated male goats. According to the chromatographic profiles, ketones, aldehydes, and other neutral compounds were present in the early fractions, whereas fatty acids were present in the later ones ( Figure 1A ). To identify the neutral compounds, we conducted a detailed analysis of the spectra obtained from the early fraction. Several peaks representing unknown mass spectra were obtained, and most were found to derive from the compounds obtained from intact males, but not castrated males. Structure determination based on an analysis of mass spectra, gas chromatographic retention indices, and verification of the proposed structure by syntheses enabled the identification of ethylbranched aldehydes, ketones, and b-diketones in the early fractions ( Figure 1A ; see Supplemental Experimental Procedures available online for chemical identification). The seven compounds shown in Figure 1B were not present in detectable amounts in the adsorbed compounds obtained from castrated male goats ( Figure 1A , lower panel).
Establishment of the Bioassay Method
The gonadotropin-releasing hormone (GnRH) pulse generator regulates intermittent GnRH discharge into the pituitary portal circulation, leading to pulsatile secretion of luteinizing hormone (LH); thus, this neural substrate is recognized to be a key regulator of reproductive function in mammals [15] . The initial endocrine event following the reception of the male effect pheromone is the stimulation of pulsatile LH secretion [7, 8] . Thus, the central action of this pheromone involves activation of the GnRH pulse generator. We developed a method for real-time monitoring of the electrophysiological manifestation of the GnRH pulse generator by recording multiple-unit activity (MUA) using electrodes located in the caudal portion of the hypothalamic arcuate nucleus (ARC) [16, 17] . A representative profile of MUA in an ovariectomized (OVX) goat is shown in Figure 2A . In this method, the neural activity of the GnRH pulse generator is represented as a characteristic increase in MUA (designated as a MUA volley; indicated by arrowheads in Figure 2A , upper panel), and the MUA volley can be monitored in real time in a conscious goat. Moreover, spontaneous MUA volleys occur at approximately constant interval within individuals ( Figure S1 ), allowing timed treatment between two successive MUA volleys. In the present study, we employed this MUA recording method to assess the sample's *Correspondence: aytake@mail.ecc.u-tokyo.ac.jp primer activity on the acceleration of the GnRH pulse generator. Exposure to male hair, as a positive control, induced an MUA volley earlier than the expected timing of the next MUA volley (Movie S1), based on the average intervolley interval (T) during a 3 hr control period. The lower panel in Figure 2A shows representative MUA profiles when the OVX goat was exposed to male hair (placed on a bottom of a plastic cup) or control (empty cup) at 1/2 T after the preceding MUA volley.
An MUA volley occurred with a regular interval after control exposure, whereas male hair induced an MUA volley soon after exposure. When the MUA volley occurred within 1 min of sample exposure, the sample was assessed as having a positive response. The positive response ratios, latencies, and MUA responses to male hair exposure at timing of 1/2 T, 2/3 T, or 3/4 T are shown in Figure 2B . The positive response ratio and latency were respectively 5/9 and 394 6 166 s at exposure timing of 1/2 T, 6/9 and 130 6 64.4 s at 2/3 T, and 8/9 and 47.2 6 24.3 s at 3/4 T. These results indicate that the GnRH pulse generator to the male pheromone is markedly affected by timing of exposure between two endogenous MUA volleys, i.e., the positive response ratio is increased and the latency from exposure to the occurrence of the next MUA volley is decreased as the exposure timing draws closer to the next expected MUA volley. Accordingly, the stringency of the bioassay was classified in three ranks, strict (1/2 T), mild (2/3 T), and loose (3/4 T), and each exposure timing was differentially used depending on the purpose of the bioassay. In addition to the positive response ratio, we used statistical analysis to compare the latency from exposure to the next MUA volley for the sample to that for the control. The latency was made significantly shorter by exposure to male hair than by exposure to the control at each timing.
Bioassay of the GC Fraction Containing Neutral Compounds
To examine whether the neutral compounds derived from male goats retained the activity, we isolated a GC fraction containing several identified neutral compounds ( Figure 1A ). With the exception of acetic acid, this fraction did not contain carboxylic acids. When OVX goats were exposed to this fraction at the 1/2 T point after the preceding MUA volley, the strictest bioassay condition, four positive responses in six goats were observed with a significantly shorter latency (p < 0.01; Figure 2C) , suggesting that active compounds were present in this fraction.
Bioassay of the Cocktail of Synthesized Compounds
We then investigated whether chemically synthesized compounds in this fraction had activity, using solvent as the control. The 18 components in the active fraction, including newly identified compounds (Figure 1 ), were prepared and mixed at concentrations based on the GC peak area percentage of each compound (Table S1 ), and this mixture was then bioassayed. Exposure of OVX goats to this mixture (10 mg in total) at 2/3 T elicited a high percentage of positive responses with a significantly shorter latency (p < 0.01; Figure 2C ). To confirm that the MUA response induced by exposure to the cocktail of 18 components was also associated with pulsatile LH release, we analyzed the MUA and serum LH following exposure of estradiol-implanted OVX goats to this cocktail.
Longer intervolley intervals were observed in this model than in the OVX one, and this model is more convenient for monitoring LH pulses in peripheral circulation by frequent blood sampling. The latency period from exposure to the next MUA volley that was followed by an LH pulse was shortened by exposure to the cocktail, as compared with exposure to the control ( Figures 2D and S2 ).
Bioassay of Individual Candidate Substances
We next examined whether individual compounds present in the fraction could induce positive MUA responses. Of the 18 components in the active fraction, 7 ethyl-branched compounds that are highly specific to intact males were bioassayed. OVX goats were exposed to 10 mg of each compound in the bioassays. Since the amount of each component in the preparative GC sample ranged from 0.6 mg to 33.6 mg (Table  S1 ), the amount of exposure would be equivalent to that from a physiologically relevant dose. Initially, exposures were performed at 3/4 T, a loose bioassay condition, in order to maximize the possibility of detecting activity. Among the candidate compounds, 4-ethyloctanal exposure elicited the highest percentage of positive responses, and the latency period from exposure to 4-ethyloctanal to the subsequent MUA volley was significantly shorter than that observed during exposure to the control (p < 0.05; Figure 3A) . Several other components such as 6-ethyloctanal and 5-ethylheptane-2,4-dione occasionally induced positive responses and showed a tendency to produce responses with a shorter period of latency compared to those elicited by the control, although the differences were not statistically significant ( Figure 3A) . When exposure was performed at timing of 1/2 T, only 4-ethyloctanal elicited the positive response in two of six goats ( Figure 3B ). The mean latency in the 4-ethyloctanal exposure was not statistically different from that in the control exposure (520 6 188 s versus 781 6 83.8 s; p = 0.178). Lower positive response ratio and longer latency compared with those in exposure at 3/4 T might be due to lesser sensitivity of the GnRH pulse generator to the pheromone at this exposure timing (1/2 T), as mentioned above. When 4-ethyloctanal was excluded from the cocktail of 18 compounds, the bioactivity of the mixture became lower ( Figure 3C ), suggesting that 4-ethyloctanal is the main active component in this 18-compound cocktail.
Discussion
Although several compounds have been reported to act as primer pheromones in mice, their bioactivity remains controversial [6] . For example, androgen-regulated compounds found in male mouse urine such as 3,4-dehydro-exo-brevicomin, 2-sec-butyl-4,5-dihydrothiazole, a/b-farnesene, and male urinary protein have been reported to accelerate puberty in females [18] [19] [20] . However, in a recent study, these compounds did not show significant bioactivity, and compounds with different biochemical characteristics were instead suggested to accelerate puberty [21] . The main issues behind the difficulty in identifying primer pheromones in mammals are the technical challenges in the development of suitable bioassays and an insufficient understanding of the central mechanisms underlying these phenomena. In this study, we developed a bioassay method to monitor GnRH pulse generator activity to identify primer pheromones. Although it is clear that the target of the male effect pheromone is the GnRH pulse generator, the identity of the pulse generator per se remains unclear. However, the recent discovery of the peptide kisspeptin, which strongly stimulates GnRH secretion, has led to the hypothesis that a population of kisspeptin-expressing neurons in the ARC is a likely candidate for the GnRH pulse generator [22] [23] [24] [25] . Thus, MUA volley induction by male hair and 4-etyloctanal would represent activation of the kisspeptin neurons in the ARC. This hypothesis is supported by recent reports as follows. First, ram-induced c-Fos expression in the ARC kisspeptin neurons and LH increase in seasonally anestrous ewes by exposure to males are inhibited by kisspeptin receptor antagonist treatment [26] . Second, disruption of neurokinin B signaling, which is essential for the activation of kisspeptin neurons [27] , by treatment with the receptor antagonist inhibits MUA volleys induced by male hair [28] .
Since the GnRH pulse generator is a central regulator in mammalian species, reproductive primer pheromones in other mammalian species may function by a similar mechanism. Thus, identifying olfactory signal molecules that activate ARC kisspeptin neurons would be the next direction for primer pheromone research.
In this study, we identified various intact-male-specific ethyl-branched aldehydes, ketones, and diketones in goat. Some of these compounds were formerly reported only in caimans [29] , and 3-ethylnonanal, 4-ethyloctanal, and 6-ethyloctanal have not been reported so far in nature. We show that one of these components, 4-ethyloctanal, activates the GnRH pulse generator that governs the reproductive endocrine system. Considering its androgen-dependent production and the robust neuroendocrine activation in recipient animals, 4-ethyloctanal is strongly suggested to be a primer pheromone for the ''male effect.'' Since the cocktail of 18 compounds appears to have stronger activity than 4-ethyloctanal, synergy with other compounds may increase the primer activity of 4-ethyloctanal. 4-ethyloctanal can be oxidized in the atmosphere to become 4-ethyloctanoic acid, which is the main constituent of the characteristic ''goaty odor'' and has been reported to exert releaser pheromone activity to attract females [12] . This may facilitate the efficient reception of 4-ethyloctanal molecules by females in nature. The biosynthetic pathway of ethyl-branched compounds is unknown, but identifying this biosynthetic pathway may provide insight into the evolution of primer pheromones in ruminants.
We have isolated vomeronasal type-1 receptor (V1R) genes in goats [30] , some of which may be part of the putative pheromone receptor family [31] . These V1R genes are expressed not only in vomeronasal neurons but also in the olfactory neurons in goats. One of these V1Rs may be the receptor for 4-ethyloctanal. The identification of this specific receptor would help us understand how sensory systems encode pheromone information and help identify the pathway by which the information is transduced to activate the GnRH pulse generator; this pathway likely involves ARC kisspeptin neurons (Figure 4) . Thus, studying the action of 4-ethyloctanal on ARC kisspeptin neurons may also provide insight into the mechanism of GnRH pulse generation.
The activation of the GnRH pulse generator by 4-ethyloctanal represents only the initial neural event of the full sequence of male pheromone action. It is apparent that effects on several events such as LH secretion, estrous behavior, and ovulation should be examined in the future to provide final evidence for the biological activity of the compound as the male pheromone.
In conclusion, we have identified a primer pheromone molecule that may be responsible for the ''male effect'' in ruminants. This is the first such finding in mammals, to the best of our knowledge. This discovery opens a new avenue toward a deeper understanding of the pheromone-dependent regulation of reproduction in mammals, as well as the development of novel and more natural technology for increasing 
